RpoS, Escherichia coli's general stress response sigma factor, regulates error-prone DNA polymerase IV (Pol IV) (encoded by the dinB gene). Pol IV is induced in stationary-phase cells, and thereafter, levels of the protein remain elevated for several days of continuous incubation. This induction and persistence in stationary-phase cells are dependent on RpoS. Data presented here show that this regulation is direct via the RpoS-directed transcription of the dinB gene. However, a loss of RpoS also results in a decrease in Pol IV-dependent mutation when Pol IV is overexpressed from an RpoS-independent promoter in exponentially growing cells. The loss of RpoS also increases cell sensitivity to 4-nitroquinoline-1-oxide, indicating that RpoS affects the ability of Pol IV to bypass DNA lesions. Thus, in addition to directly driving the transcription of the dinB gene in stationaryphase cells, RpoS regulates the activity of Pol IV in exponentially growing cells via a second, indirect pathway.
In their natural environments bacteria are constantly assaulted by a variety of stresses that include nutritional deprivation, temperature fluctuation, desiccation, and exposure to DNA-damaging agents such as UV light and reactive oxygen species. To survive such challenges, bacteria have evolved coordinated cellular defense mechanisms, two of which are the RpoS-regulated response to nutritional deprivation and the SOS response to DNA damage.
Sigma factors are the subunits of RNA polymerase that recognize the promoter regions of genes and direct the holoenzyme to them. Escherichia coli has seven sigma factors, each of which is responsible for gene regulation under specific conditions. The vegetative sigma factor RpoD (also called D and 70 ) directs the RNA polymerase holoenzyme (E D ) to transcribe housekeeping genes and the genes specifically expressed during the exponential phase. A second major sigma factor, RpoS (also called S and 38 ), regulates the cell's response to nutritional deprivation. RpoS is activated as cells enter stationary phase and is responsible, either directly or indirectly, for the regulation of as many as 500 genes (33, 40, 41) . Because of their similar recognition sequences, RpoS and RpoD often direct the RNA polymerase holoenzyme to bind to the same promoters (17) . However, promoter binding by the RpoS-containing RNA polymerase holoenzyme (E S ) is enhanced in stationary phase by the accumulation of accessory factors, such as ppGpp, and/or by changes in DNA topology (7, 17, 23, 24) .
DNA damage in E. coli and its relatives results in the upregulation of more than 40 genes (11) that include the genes encoding DNA polymerase II (Pol II), Pol IV, and Pol V (8, 19) . Pol IV, encoded by dinB, and Pol V, encoded by umuDC, are members of the Y family of specialized DNA polymerases (for a review, see reference 30). These polymerases are found in organisms from all three domains of life and can replicate damaged DNA, a process called translesion synthesis. Because of its ability to bypass many types of DNA lesions, Pol V has a clear role in promoting survival after DNA damage (30) . In contrast, Pol IV's role is less clear. Pol IV can bypass some spontaneous DNA lesions, such as oxidized and alkylated bases (2, 44) , and it is also efficient at bypassing deoxyguanosines with adducts at the N 2 position (18, 27, 45) . However, compared to Pol V, Pol IV's lesion bypass ability is limited (13) .
Many members of the Y family of polymerases replicate undamaged DNA with fidelities that are orders of magnitude lower than that achieved by replicative DNA polymerases (21, 39) . Therefore, it is likely that these polymerases are tightly regulated to avoid unwanted mutations. Regulation could be particularly crucial for Pol IV, whose cellular levels in E. coli are high even when there is no DNA damage (20) ; indeed, in the absence of DNA damage, only Pol I is more abundant than Pol IV. When the DNA is damaged and the SOS response is induced, Pol IV becomes the dominant DNA polymerase (30) . While the overexpression of Pol IV dramatically increases spontaneous mutation rates, a loss of Pol IV has very little effect on mutation rates in normally growing wild-type cells (20, 22, 37, 43) . In contrast, mutations in stationary-phase cells (adaptive mutations) are reduced up to 80% by a loss of Pol IV (10, 28) . These results suggest that normally, Pol IV activity is strictly controlled.
Although the levels of the dinB transcript are low, the levels of Pol IV increase late in the stationary phase and remain elevated for several days thereafter. This induction and this persistence are dependent on RpoS (25) . RpoS-dependent regulation occurs in addition to and independently of SOS regulation, making dinB a rare example of a gene that is regulated by both LexA, the SOS repressor, and RpoS (25, 32) . The simplest hypothesis to explain how RpoS regulates Pol IV is that RpoS directs RNA polymerase to the dinB promoter. An alternative hypothesis is that RpoS activates one or more intermediates that regulate Pol IV. Here we present evidence that both mechanisms are active: RpoS directly regulates Pol IV levels in stationary-phase cells and indirectly regulates Pol IV's mutagenic activity in exponentially growing cells.
MATERIALS AND METHODS
Bacterial strains and media. All strains used in this study are E. coli K-12 derivatives and are listed in Table 1 . Genetic manipulations were performed as previously described (29) . Cultures were grown in either Luria broth (LB; Difco) or M9-0.1% glycerol minimal medium (29) . When required, minimal medium was supplemented with 100 g/ml proline. LB agar medium contained 15 g/liter agar; LB top agar contained 8 g/liter agar. Antibiotics were added to rich medium at the following concentrations: carbenicillin (Cb) at 100 g/ml, chloramphenicol (Cm) at 10 g/ml, and tetracycline (Tc) at 20 g/ml. Except for Cm, antibiotics were added to minimal medium at half of the above-mentioned concentrations. Strains GW1030 and PFB893 were grown at 30°C in minimal medium supplemented with 25 g/ml Cb and 100 g/ml each alanine, histidine, leucine, proline, and threonine.
Two different dinB-lacZ fusions were used in ␤-galactosidase assays. A translational fusion was constructed by amplifying the region starting 141 bp before the dinB start codon and including 115 bp of the dinB coding sequence using the following primers: forward primer 5Ј-CATCAGAATTCGGGATAAAGTGGT GCAGC-3Ј and reverse primer 5Ј-ATTATGGATCCCGACGTTCGCGGCTG CCG-3Ј.
The amplified DNA was digested with the BamHI and EcoRI restriction enzymes (New England Biolabs, Inc.) and ligated into BamHI-and EcoRIdigested plasmid pMC1403 (5), resulting in a gene fusion consisting of the first 38 amino acids (of 351 amino acids) of Pol IV in frame with LacZ, under the control of the dinB promoter. To create strain PFB505, this fusion was recombined into the chromosomal lambda att site by using the lambda InCh method (3) and transduced by using P1 bacteriophage in strain PFG1413 (25), selecting for low-level Cb resistance (50 g/ml) and screening for lacZ expression. The expression of the dinB-lacZ gene fusion both on the plasmid and on the chromosome was shown to be under LexA control (P. L. Foster, unpublished data). The second fusion strain was GW1030, carrying a chromosomal dinB::Mud(Ap r lac) operon fusion, the expression of which is also under LexA control (19) . An rpoS::Cm allele (25) was transduced into both fusion strains by using P1 bacteriophage.
Plasmid pPFV323 was constructed by amplifying the region starting 141 bp upstream of the dinB start codon and including 201 bp of the dinB coding sequence using the forward primer described above and a reverse primer with the sequence 5Ј-GTCGAGGATCCGTGGGCATAATTTGAGCG-3Ј. The amplified insert was digested with the BamHI and EcoRI restriction enzymes (New England Biolabs, Inc.) and ligated into BamHI-and EcoRI-digested plasmid pRS415 (35) , creating a dinB-lacZ operon fusion. The expression of this fusion was shown to be under LexA control (our unpublished data).
␤-Galactosidase assays. ␤-Galactosidase assays were performed as previously described (29) . To measure ␤-galactosidase activity in stationary-phase cells, cultures were grown overnight in LB broth plus the appropriate antibiotics and then diluted 10 5 -fold into four tubes containing M9-glycerol minimal medium. These cultures were then grown for 48 h to saturation, and ␤-galactosidase assays were performed. To measure ␤-galactosidase activity in exponentially growing cells, cultures were grown overnight in LB broth plus the appropriate antibiotics and then diluted 10 3 -fold into four tubes containing M9-glycerol medium plus antibiotics. These cultures were grown to an optical density at 600 nm (OD 600 ) of ϳ0.2, diluted, and grown to an OD 600 of ϳ0.2 twice more. This procedure yields four independent cultures containing nearly all exponentially growing cells.
Determination of the dinB transcription start site. Strain PFB691, which carries plasmid pPFV323 with a dinB-lacZ operon fusion, was used to determine the transcription start site of the dinB gene. The culture was grown to saturation at 37°C in LB broth plus Cb. RNA was isolated from 1 ml of the culture by using TRIzol reagent (Invitrogen Corp.) according to the manufacturer's instructions. The quality of the RNA was confirmed by electrophoresis in a 1% agarose gel and by absorbance measurements at 260 and 280 nm. 5Ј rapid amplification of cDNA ends (RACE) was performed by using the 5Ј RACE system, version 2.0, kit (Invitrogen Corp.). The template-specific primers, corresponding to the lacZ gene, were as follows: Gsp (5Ј-GTAAAACGACGGCCAGTGAA-3Ј), Gsp 1 (5Ј-GATGTGCTGCAAGGCGATTA-3Ј), and Gsp 2 (5Ј-GGGTAACGCCAG GGTTTTCC-3Ј).
5Ј RACE was performed by using both C tailing and A tailing of the cDNA. When the cDNA was C tailed, the 5Ј-RACE AUAP primer was used; when the cDNA was A tailed, the 3Ј RACE adapter primer with the sequence 5Ј-GGCC ACGCGTCGACTAGTAC(T) 17 -3Ј was used. 5Ј RACE products were sequenced by using an ABI3730 DNA analyzer.
Electromobility shift assay. A 214-bp region including the dinB promoter region was amplified by using PCR with the following primers (the forward primer was labeled with an infrared dye, IRdye 700 [Li-Cor Biosciences]): 5Ј-I Rdye 700-ATACTTTGGTCAGCATGGGG-3Ј and 5Ј-GGGATTGTCGCGCA TCTC-3Ј.
To reconstitute the RNA polymerase holoenzyme, 25-l binding mixtures included RpoS or RpoD (obtained from K. Wassarman) at a concentration of 250 nM and core RNA polymerase (Epicentre Biotechnologies) at a concentration of 60 nM. The binding buffer included 200 mM Tris (pH 8.0), 30 mM KCl, 10 mM MgCl 2 , 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), and 20 g/ml bovine serum albumin (BSA). This mixture was incubated at 30°C for 45 min.
Gel shift reaction mixtures containing labeled probe at a concentration of 0.2 nM and RNA polymerase holoenzyme (1 l of the above-described mixture) in 25 l of the binding buffer were incubated for 20 min at room temperature. A 50% binding buffer-50% glycerol solution (5 l) was then added to each reaction mixture, and 15 l of each reaction mixture was loaded onto a 6.5% native acrylamide gel. The gel was run for 2 h at room temperature at approximately 100 V. The gel was visualized by using an Odyssey IR scanner (Li-Cor Biosciences).
Determination of growth-dependent mutation rates. Cultures of each strain were grown overnight to saturation in LB broth plus the appropriate antibiotics. The cultures were then diluted 10 5 -fold into LB broth plus the appropriate antibiotics, and 0.1-ml aliquots were distributed into 45 wells of a 96-well microtiter plate, which was then incubated for 48 h at 37°C. Next, 40 cultures per strain were diluted 10 Ϫ1 into 90 l of saline and plated in LB top agar plus Tc onto plates containing LB agar plus Tc. The rest of the cultures were used for determining the total number of cells plated. Only colonies appearing on the plates of LB plus Tc after 48 h were counted. Mutation rates and confidence limits were calculated by using the Ma-Sandri-Sarkar maximum likelihood estimator (MSS-MLE) maximum likelihood method (35) , implemented by the FALCOR Web tool (found at http://www.mitochondria.org/protocols/FALCOR .html) (15) . The number of cultures plated, 40, was sufficient to detect a 2-foldor-greater change in the mutation rate with 95% significance.
Western blotting. Western blotting was performed as previously described (1). E. coli strains were grown to an OD of ϳ0.2 in LB broth plus Cb. One milliliter of each culture was centrifuged, and the pelleted cells were washed in 1ϫ M9 salts, resuspended in 1ϫ SDS-PAGE sample loading buffer, and boiled for 15 min. The total amount of protein in the samples was determined by Bradford assays (Bio-Rad Laboratories). Samples containing the amounts of total protein noted in the legend to Fig. 5 were diluted into 1ϫ sample loading buffer con- Proteins were separated by electrophoresis and then electrotransferred onto an Immobilon-P membrane (pore size, 0.45 m; Millipore Corp.). The membranes were probed with rabbit anti-Pol IV polyclonal antibody [obtained from H. Ohmori and clarified using acetone powder made from a ⌬(dinB) strain according to a procedure described previously (16) ]; bands were visualized by using alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (Promega, Inc.) and Western-Light chemiluminescent reagent (Applied Biosystems). Bands were quantified by using ImageJ, version 1.36b, software (34) . Assays of sensitivity to 4-NQO. Cultures of each strain were grown overnight in LB broth plus the appropriate drugs. Each culture was diluted 10-fold successively from 10 Ϫ1 to 10
Ϫ6
, and 0.01 ml of each dilution was spotted onto both an LB agar plate and an LB plate supplemented with 10 M 4-nitroquiniline-1-oxide (4-NQO). Plates were incubated overnight at 37°C in the dark.
RESULTS
The simplest hypothesis to explain how RpoS controls Pol IV levels in stationary-phase cells is that RpoS directs RNA polymerase to transcribe the dinB gene. An alternative hypothesis is that RpoS acts indirectly by regulating one or more intermediates that then affect Pol IV. It is also possible that both hypotheses are true. To determine which of these three possibilities prevails, we examined several of their predicted consequences.
RpoS regulates Pol IV transcription directly in stationaryphase cells. To determine if RpoS regulates the transcription of dinB in vivo, we made a translational fusion encoding the first 38 amino acids of the Pol IV protein followed by the lacZ coding sequence and recombined this fusion into the lambda att site on the chromosome. We also used the chromosomal dinB::Mud(Ap r lac) transcriptional fusion described previously (19) . We measured ␤-galactosidase activity in stationary-phase cells and exponentially growing cells of both wild-type and rpoS::Cm mutant strains containing these fusions. Because it was previously shown that levels of Pol IV increase in stationary-phase cells incubated in minimal-glycerol medium (25) , the cultures to be assayed in stationary phase were grown in this medium. As shown in Fig. 1 , RpoS is required for the transcription of dinB in stationary-phase cells but not in exponentially growing cells. This is true regardless of whether the cells were grown in minimal or rich medium (data not shown).
The transcription start site of dinB has been determined. In order to test directly if E S can transcribe dinB, we first determined the transcription start site of the gene. Because the dinB transcript is scarce (8; our unpublished results), we used a plasmid-borne operon fusion of lacZ to a DNA region that includes 141 bp upstream and 191 bp downstream of the dinB start codon. This plasmid has a high expression level. 5Ј RACE using RNA isolated from stationary-phase cells identified the T shown in Fig. 2 as the transcription start site of the dinB gene. From this information, we deduced that the hexamer TA TACT shown in Fig. 2 is the Ϫ10 region of the dinB promoter. This designation was confirmed by deleting the T in the center of the hexamer; this change resulted in a 5-fold decrease in ␤-galactosidase activity (data not shown). When 5Ј RACE was repeated with RNA isolated from a strain lacking RpoS, the transcription start site was the same; thus, at least in stationaryphase cells, transcription initiates from the same position whether or not RpoS is present. E S binds the promoter region of the dinB gene. An electromobility shift assay demonstrated that both E D and E S bind to the dinB promoter (Fig. 3) . In addition, an in vitro transcription assay showed that both holoenzymes can transcribe from the dinB promoter in vitro (data not shown). RpoS affects Pol IV mutagenic activity in exponentially growing cells when Pol IV is overexpressed from an exogenous promoter. When Pol IV is overexpressed, the mutation rate in normally growing cells can be increased as much as 100-fold (21, 38) . We took advantage of this result to determine whether RpoS affects Pol IV's mutagenic activity even when dinB is under the control of an RpoS-independent promoter. To measure growth-dependent mutation rates, we assayed the reversion to tetracycline resistance (Tc r ) of strain FC722, which carries an episome with an allele of the tetA gene that has a ϩ1 frameshift mutation (9) . To overproduce Pol IV, we transformed this strain with plasmid pPFG96, carrying dinB (19) and were grown at 30°C. Wild type, GW1030; rpoS::Cm, PFB893.
FIG. 2.
The transcription start site of dinB was determined. The transcription start site of dinB determined by 5Ј RACE is indicated by an arrow, and the Ϫ10 promoter element is boxed. The previously identified LexA recognition sequences are underlined, and the dinB translation start site, a possible Shine-Dalgarno (SD) sequence, and the stop codon of the upstream gene mbhA are shown in boldface type and labeled (32) .
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RpoS REGULATES DNA POLYMERASE IV 3641 under the control of the araBAD promoter; this plasmid results in the increased expression of Pol IV even in the absence of induction by arabinose (38) . As shown in Fig. 4A , when strains were carrying this plasmid, the loss of RpoS resulted in a statistically significant 2.5-fold decrease in the mutation rate to Tc r . This phenotype is clearly dependent on Pol IV, because when Pol IV was not overexpressed, the loss of RpoS did not affect the mutation rate (Fig. 4B) . This result could mean either that cells lacking RpoS have less Pol IV or that Pol IV is present in a less active state. A Western blot of these strains harvested in the exponential phase indicated that the amount of Pol IV being expressed from the plasmid was not affected by the presence or absence of RpoS (Fig. 5) . We used several concentrations of total protein to ensure that the film was not saturated and that the relative amount of Pol IV was clear. The Western blot shows that the loss of RpoS had no effect on the amount of Pol IV expressed from an exogenous promoter in exponentially growing cells; thus, RpoS must affect Pol IV's activity.
Loss of RpoS increases the sensitivity of cells to 4-NQO. Because Pol IV can efficiently bypass the N 2 -dG adduct that is produced by 4-NQO, sensitivity to 4-NQO is a good assay for Pol IV's translesion activity (18) . As shown in Fig. 6 , the loss of RpoS increased the 4-NQO sensitivity of cells whether Pol IV was expressed from its own promoter on the chromosome or expressed at higher levels from an RpoS-independent exogenous promoter. Thus, RpoS is required for the full expression of both Pol IV's translesion activity and its mutagenic activity.
DISCUSSION
In wild-type cells the levels of both the Pol IV protein and its transcript increase in stationary phase (25) and thereafter remain elevated for several days (25, 46) . However, in the absence of RpoS the levels of Pol IV rapidly decline in stationaryphase cells upon continued incubation (25) . These results indicate that RpoS regulates Pol IV either directly, by targeting RNA polymerase to the dinB promoter, or indirectly, by regulating other factors that positively regulate Pol IV. These two hypotheses are not mutually exclusive, and the data presented here support both a direct role (in stationary-phase cells) and an indirect role (in exponentially growing cells) for RpoS.
It is not common for genes to be regulated by both RpoS and the SOS repressor LexA; indeed, only one gene (sbmC) other than dinB has been shown to have this dual regulation (31) . Because of this rarity and the fact that the induction of dinB in stationary-phase cells occurs late (25) , it seemed possible that the RpoS-dependent regulation of Pol IV was indirect. We looked for an RpoS-regulated intermediate by screening both an overexpression library and a knockout library for the suppression of the low-adaptive-mutation phenotype of an rpoS mutant strain. We failed to find an intermediate, suggesting that there is no single RpoS-regulated gene that itself regulates Pol IV under the conditions that pertain to adaptive mutation. Additionally, cells overexpressing dinB from the arabinoseinducible promoter araBAD have the same amount of Pol IV whether or not RpoS is present (Fig. 5) . This result indicates that the regulation of Pol IV by RpoS is dependent upon the dinB promoter.
RpoS and RpoD, the vegetative sigma factor, often recognize the same promoters (17) ; the region 5Ј to the dinB coding on October 2, 2017 by guest http://jb.asm.org/ sequence could contain one of these dually recognized promoters. To determine if RpoS directs transcription from the dinB promoter, we needed to define the promoter elements. The location of the dinB transcription start site determined by 5Ј RACE (Fig. 2) indicated that the boxed TATACT is the Ϫ10 element of the promoter. We confirmed this by showing that the deletion of the second T of the hexamer greatly diminished the transcription of dinB in vivo (data not shown). We also used 5Ј RACE to show that the same transcription start site is used whether or not RpoS is present, indicating that, at least for stationary-phase cells, there is only one dinB transcript regardless of which sigma factor directs its transcription.
In our initial attempts to determine if RpoS drives Pol IV transcription in stationary-phase cells, we first fused the lacZ gene directly to the dinB promoter. However, we found that this fusion was regulated by neither RpoS nor LexA. The reason for this lack of regulation is currently under investigation, but as a result, the fusion could not be used to study dinB transcription. Therefore, we used two other fusions: (i) a translational fusion that placed LacZ in frame with the first 6 amino acids of Pol IV and (ii) the original dinB::Mud(Ap r lac) transcriptional fusion that demonstrated that dinB was induced by DNA damage as part of the SOS response (19) . Both of these fusions indicated that RpoS directs dinB expression in stationary-phase cells but not in exponentially growing cells (Fig. 1) . To strengthen the argument that the RpoS regulation is direct, we used an electromobility shift assay to show that both E S and E D can bind the dinB promoter (Fig. 3) . These results support the hypothesis that the transcription of dinB is driven by RpoD in exponential-phase cells and by RpoS in stationaryphase cells.
Interestingly, although we previously found that the amount of the Pol IV protein in rpoS ϩ cells is larger in stationary-phase cells than in exponential-phase cells (25) , the level of transcription of the dinB-lacZ fusions appeared to be lower in the stationary phase than during the exponential phase. This difference indicates that the dinB mRNA may be more stable or translated more efficiently during the stationary phase, resulting in more protein. Such an additional regulation of Pol IV at the posttranscriptional level is a subject for future investigations.
In addition to driving the transcription of dinB in stationaryphase cells, our results indicate that RpoS regulates Pol IV activity in exponentially growing cells via an indirect mechanism. The overexpression of Pol IV increases the mutation rate of exponentially growing cells (21, 38) . When Pol IV was overexpressed from an exogenous, RpoS-independent promoter, it seemed unlikely that RpoS would affect the mutation rate. However, this expectation was incorrect; in the absence of RpoS, the Pol IV-dependent mutation rate was decreased almost 3-fold (Fig. 4A) . RpoS did not have this effect when Pol IV was not overexpressed, indicating that this RpoS phenotype is exerted via Pol IV (Fig. 4B) . Western blot analysis revealed that the level of Pol IV being expressed from the exogenous promoter was not decreased by the loss of RpoS (Fig. 5) , suggesting that RpoS affects Pol IV's mutagenic activity. Cells lacking RpoS are also more sensitive to 4-NQO whether or not Pol IV is overexpressed (Fig. 6) ; thus, RpoS also affects Pol IV's translesion synthesis activity. Since RpoS is a transcriptional regulator, this regulation is most likely via the expression of another gene or genes whose products are required for full Pol IV activity. We are currently attempting to identify this pathway.
Previous results have demonstrated that complex cellular pathways regulate both the amount and activity of Pol IV (6, 8, 12, 19, 25, 26, 38, 42) . The results presented here clarify that RpoS regulates Pol IV directly by altering its amount and indirectly by altering its activity and that these regulatory modes are in effect at different times during the cell cycle. This regulation may not only promote cell survival but also provide a way for cells to accumulate advantageous mutations during nutrient limitation and under other stressful conditions. 
